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Topmouth culter (Culter alburnus) is an economically important freshwater fish
with high nutritional value. However, its potential genetic advantages have not
been fully exploited. Therefore, we aimed to determine the genome sequence of
C. alburnus and examine quantitative trait loci (QTLs) related to major economic
traits. The results showed that 24 pseudochromosomes were anchored by
914.74 Mb of the C. alburnus genome sequence. De novo sequencing
identified 31,279 protein-coding genes with an average length of 8507 bp and
average coding sequ ence of 1115 bp. In addition, a high-density genetic linkage
map consisting of 24 linkage groups was constructed based on 353,532 high-
quality single nucleotide polymorphisms and 4,710 bin markers. A total of 28 QTLs
corresponding to 11 genes, 26 QTLs corresponding to 11 genes, and 12 QTLs
corresponding to 5 genes were identified for sex, intermuscular spine number and
bodyweight traits, respectively. In this study, we assembled an accurate and nearly
complete genome of C. alburnus by combining Illumina, PacBio, and high-
throughput Chromosome conformation capture (Hi-C) technologies. In
addition, we identified QTLs that explained variances in intermuscular spine
number, body weight, and sex differences in C. alburnus. These genetic
markers or candidate genes associated with growth traits provide a basis for
marker-assisted selection in C. alburnus.
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1 Introduction

The topmouth culter (Culter alburnus, 2n = 2× = 48), is a member of Cyprinidae,
Cultrinae, Culter, and has high economic and nutritional values (Ren et al., 2014). Topmouth
culter are widely distributed in the lakes and reservoirs of China (Liu et al., 2019). In the past
10 years, with the breakthroughs in artificial breeding and breeding technology, C. alburnus

OPEN ACCESS

EDITED BY

Jiannis (Ioannis) Ragoussis, McGill
University, Canada

REVIEWED BY

Min Tao,
Hunan Normal University, China
Chang Wu,
Hunan Normal University, China

*CORRESPONDENCE

Zhimin Gu,
guzhimin2006@163.com

Jinliang Zhao,
jlzhao@shou.edu.cn

RECEIVED 17 October 2022
ACCEPTED 09 May 2023
PUBLISHED 25 May 2023

CITATION

Liu S, Zheng J, Li F, Chi M, Cheng S,
Jiang W, Liu Y, Gu Z and Zhao J (2023),
Chromosome-scale assembly and
quantitative trait locus mapping for major
economic traits of the Culter alburnus
genome using Illumina and PacBio
sequencing with Hi-C
mapping information.
Front. Genet. 14:1072506.
doi: 10.3389/fgene.2023.1072506

COPYRIGHT

© 2023 Liu, Zheng, Li, Chi, Cheng, Jiang,
Liu, Gu and Zhao. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original author(s)
and the copyright owner(s) are credited
and that the original publication in this
journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Genetics frontiersin.org01

TYPE Original Research
PUBLISHED 25 May 2023
DOI 10.3389/fgene.2023.1072506

https://www.frontiersin.org/articles/10.3389/fgene.2023.1072506/full
https://www.frontiersin.org/articles/10.3389/fgene.2023.1072506/full
https://www.frontiersin.org/articles/10.3389/fgene.2023.1072506/full
https://www.frontiersin.org/articles/10.3389/fgene.2023.1072506/full
https://www.frontiersin.org/articles/10.3389/fgene.2023.1072506/full
https://www.frontiersin.org/articles/10.3389/fgene.2023.1072506/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fgene.2023.1072506&domain=pdf&date_stamp=2023-05-25
mailto:guzhimin2006@163.com
mailto:guzhimin2006@163.com
mailto:jlzhao@shou.edu.cn
mailto:jlzhao@shou.edu.cn
https://doi.org/10.3389/fgene.2023.1072506
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/journals/genetics#editorial-board
https://www.frontiersin.org/journals/genetics#editorial-board
https://doi.org/10.3389/fgene.2023.1072506


has been cultivated on a large scale in more than ten provinces and
cities, with an output value of nearly 10 billion yuan (Wang et al.,
2007). In addition, C. alburnus is at the top of the food chain in the
freshwater ecosystem, playing important roles in maintaining the
stability of the ecosystem. However, most of the species used for
breeding are wild species that have not been bred, and their potential
genetic advantages have not been fully exploited (Li et al., 2010). In
addition, blind breeding, introduction, hybridization, and repeated
breeding have caused the growth of the cultivated C. alburnus to
slow down, resulting in individual germplasm decline or
confounding phenomena, such as miniaturization. Therefore,
germplasm improvement has become an urgent need for the
sustainable and healthy development of the topmouth culter
breeding industry.

To date, research on C. alburnus has mainly focused on
nutrition, growth, artificial reproduction, pond culture, and
genetic diversity (Liu et al., 2014; Xiao et al., 2014; Sun et al.,
2015). From the perspective of breeding, although C. alburnus
has not shown an obvious economic decline phenomenon,
molecular studies on the genetic diversity of breeding
populations have shown that the genetic diversity of C. alburnus
is at a low level (Qi et al., 2013; Qi et al., 2015). To prevent the decay
of the germplasm resources of C. alburnus and further tap the
potential of its breeding traits, breeding work on C. alburnus is
particularly important.

Meat quality is affected by many factors, including
environmental, nutritional, and genetic factors (Pathare and
Roskilly, 2016). Research on marine meat quality has lagged
behind that of livestock and poultry. In recent years, the analysis
of fish meat quality has been limited to the analysis of conventional
nutrients, amino acids, and fatty acids (Wang et al., 2006; Calanche
et al., 2019). With the rapid development of molecular biology
technology, the mechanisms determining meat quality can be
further studied at the molecular level, and the problem of meat
quality improvement can be solved.

Growth is one of the most critical economic traits for fish (Feng
et al., 2018). Multiple gene quantitative trait loci (QTLs) involving
environmental and genome effects determine the growth trait (Feng
et al., 2018). Genetic maps, the inheritance patterns of traits, and
genetic markers have been developed and used for a wide range of
species, including fish (Rexroad et al., 2008). These tools target the
discovery of allelic variation that affects traits, with an ultimate goal
of identifying DNA sequences underlying phenotypes (Rexroad
et al., 2008). QTL mapping has identified many important traits
for sex and growth in fish (Mackay et al., 2009). Traditional selective
breeding methods have encountered some difficulties, such as
uncertainty, extensive workload, being time-consuming, and slow
to take effect. Hence, molecular breeding methods are needed to
accelerate the breeding process in fish.

In this study, we applied a combined strategy involving Illumina,
PacBio, and high-throughput Chromosome Conformation Capture
(Hi-C) technologies to generate sequencing data for the
chromosomal genome construction of C. alburnus. We identified
putative genes associated with sex, intermuscular spine number, and
body weight. In addition, we identified the QTLs explaining
variances in intermuscular spine number, body weight, and sex
differences in the C. alburnus. The results of this study will provide
support for the molecular breeding of C. alburnus.

2 Materials and methods

2.1 Sample collection, library construction,
and sequencing

A healthy female C. alburnus collected from the Balidian
experimental base of Zhejiang Institute of Freshwater Fisheries was
used for whole-genome sequencing. Total genomic DNA was extracted
from a tail fin sample using the cetyltrimethylammonium bromide
(CTAB) method. A whole-genome shotgun sequencing strategy was
applied, and short-insert libraries (250, 500, and 800 bp) and long-insert
libraries (2 and 5 kb) were constructed using the standard protocols
provided by Illumina (San Diego, CA, United States). The resulting
libraries were sequenced using the Illumina HiSeq X Ten platform.
Furthermore, two 10 kb libraries were also constructed from the
extracted DNA samples following the PacBio manufacturing
protocols (Pacific Biosciences, Menlo Park, CA, United States).
Subsequently, the libraries were sequenced with two cells based on
the PacBio Sequel platform. Meanwhile, the same sample was also used
to construct a Hi-C sequencing library. The Hi-C procedure was
performed as described in previous studies (Zhang et al., 2019; Shan
et al., 2020). Briefly, the extracted DNA was randomly broken into
300–500 bp fragments and labeled with biotin. The biotin-labeled
fragments were extracted using magnetic beads. The Hi-C library
was finally built after end repair, adding a poly-A tail, adapter
ligation, PCR amplification cycle evaluation, and library purification.
The Hi-C library was preliminarily quantified using a
Qubit2.0 fluorometer (Themo Fisher Scientific, Waltham, MA,
United States) and the insert size was determined using Agilent
2,100 instrument (Agilent Technologies, Santa Clara, CA,
United States). The qualified library was sequenced on the Illumina
Hiseq X ten platform to produce 150 bp paired-end reads.

The QTL analysis was performed on the male and female
parental generation (F0) and the full-sib F1 offspring, including
101 females and 99 males. The figerlings of C. alburnus were stocked
in an earthen pond (35 m × 35 m × 1.5 m) with a stocking density of
22500 fish/ha. They were fed with commercial extruded feed
(Minghui Feed Co. LTD) containing 41% crude protein. No
other special treatments were applied. Growth-related traits
including body weight (g), body length (cm), body width (cm),
head length (cm), total length (cm), and the number of
intermuscular spines were collected after 580 days of feeding
trials. The distribution patterns of these traits were calculated
using the Kolmogorov–Smirnov test in GraphPad Prism (version
5.0; GraphPad Inc., La Jolla, CA, United States). These growth-
related traits exhibited high variation in this family and therefore
could be used for linkage construction and QTL analysis. Genomic
DNA of the male and female parents and the 200 progeny was
extracted and Illumina sequencing using the HiSeq 4,000 platform
was performed by Origingene company (Shanghai, China).

2.2 Genome size estimation and de novo
genome assembly

The genome size of C. alburnuswas estimated based on the routine
17-mer depth frequency distribution analysis (Liu et al., 2013) using the
clean reads from the short-insert libraries. Subsequently, a de novo
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genome assembly was generated using both the Illumina short reads
and the PacBio long reads. First, the Illumina sequencing data were
assembled into contigs using default parameters by Platanus version
1.2.4 (Kajitani et al., 2014). Next, the Platanus-generated contigs,
together with the PacBio reads, were used to generate a hybrid
assembly by DBG2OLC with default parameters (Ye et al., 2016).
The obtained scaffolds were then polished using Pilon (Walker
et al., 2014) to generate the final genome assembly of C. alburnus.
Finally, the completeness of the genome sequence was evaluated using
benchmarking universal single-copy orthologs (BUSCO) version 3.0
(Simão et al., 2015) together with the Actinopterygii_odb9 database.

2.3 Chromosome-level assembly of the Hi-C
data

The raw Hi-C sequence data was subjected to quality control to
obtain clean data, including removing adapters, the non-AGCT
bases at the 5′ end, and low-quality reads. The clean reads were
aligned against the genome assembled by PacBio sequencing using
BWA (v 0.7.13) software with default parameters (Li and Durbin,
2010). For the Hi-C assembly, data were first processed using HiC-
Pro v2.8.023 (default settings) (Servant et al., 2015), and then Juicer
v1.524 (default settings) (Durand et al., 2016) was used to map the
reads onto the genome to validate the available paired reads. The
3D-DNA pipeline v18092225 (parameters: m haploid -r 2)
(Dudchenko et al., 2017) was used to construct a candidate
chromosome-level genome. Finally, we reviewed the candidate
assembly using juicebox assembly tools (Dudchenko et al., 2018)
for quality control and for interactive correction of the automatic
output, ultimately obtaining the final assembly.

2.4 Genome-wide evolutionary analysis and
functional annotation

The coding gene sequences of 12 species of fish (Anabarilius
grahami, Ctenopharyngodon idellus, Cyprinus carpio, Danio rerio,
Gadus morhua, Gasterosteus aculeatus, Oryzias latipes, Petromyzon
marinus, Takifugu rubripes and Megalobrama amblycephala) were
downloaded from Ensembl or GenBank databases. Then, based on
the OrthoMCL process (Li et al., 2003), a homologous gene search
was performed, and the gene sequence supermatrix was constructed
using RAxML software with 1,000 rapid bootstrap analyses to build
a maximum-likelihood (ML) phylogenetic tree (Stamatakis, 2014).
In addition, the divergence time of the 13 species was estimated
using MCMCtree in the PAML package (Yang, 1997). Expansion
and contraction of genes were analyzed using CAFE (version 2.1)
(https://github.com/hahnlab/CAFE) calculation based on changes
in gene cluster size and the species divergence time.

Gene annotation was performed by combing results of de novo
analysis, homolog analysis, and RNA-seq assisted prediction. The
homologous genes of five species, including C. alburnus, Cyprinus
carpio,Danio rerio,Gadus morhua, andMegalobrama amblycephala
were compared. The sequences of protein-coding genes were
searched against the NCBI non-redundant Protein database
(NR), String Protein database, Swiss-Prot protein database as well
as Protein Families (PFAM), Kyoto Encyclopedia of Genes and

Genomes pathway database (KEGG), and Gene Ontology (GO)
using BlastX (Verison 2.2.25, E value < 1e−5). The GO annotations
were determined using Blast2GO to obtain the functional
classification of the unigenes (Conesa et al., 2005).

2.5 Single nucleotide polymorphism (SNP)
calling

The raw reads were quality controlled to remove adaptors and
low-quality reads to obtain clean reads. The high-quality clean reads
were pre-processed, including mark duplicates, local realignment,
and base recalibration, according to their location in the reference
genome. Then, the SNPs was determined using the GATK software
tool according to the instructions at URL (https://software.
broadinstitute.org/gatk/best-practices/).

The SNPs of all samples were combined. Only the homozygous
and different loci of the parents were retained, and the SNP loci with
an uncertain genotype in the parents were filtered out. In addition,
the low-quality SNPs including: 1) Quality < 30.0, logarithm of odds
(LOD) threshold < 1.0, Fisher strand (FS) > 60.0, map quality
(MQ) < 2.0, Strand Odds Ratio (SOR) > 8.0 and
ReadPosRankSum< −8.0; 2) over-dense SNPs; 3) SNPs covering
less than 50% of all offspring; and 4) SNPs with a minimum allele
frequency (MAF) < 0.05 were filtered out. Finally, the high-quality
SNP tags were obtained to construct genetic linkage maps.

2.6 Construction of linkage groups and QTL
analysis

Linkage groups were constructed by calculating the
recombination rate between pairs of tags. Linkage map
construction was performed using JoinMap version 4.0 (Stam,
1993). Three traits, including body weight, sex, and
intermuscular spine number were analyzed. The QTL analysis
was conducted employing ICIM mapping 4.1 software (Meng
et al., 2015). The significance criteria were set according to the
permutation test (1,000 replicates). The confidence interval (CI)
was first set at 99% to determine the LOD threshold. If there was

TABLE 1 The summary of C. alburnus genome.

Scaffold

max_length: 7138733 bp Length (bp) Number

N90 102269 1419

N50 1172915 249

Total length: 1055142460 bp

Length ≥ 1000 bp 4120

Contig

max_length: 7138733 bp Length (bp) Number

N90 100972 1454

N50 1152803 256

Total length: 1055115805 bp

Length ≥ 1000 bp 4230
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no QTL at this threshold, the 95% CI and 90% CI would be
considered. If there was still no QTL even at 90% CI, the LOD
threshold was set as 3.0, then reduced to 2.5 and then to 2.0 to
finally obtain the QTLs.

3 Results

3.1 Assembly of the C. alburnus genome
using illumina and PacBio sequencing

We generated ~192.54 Gb [298.31 Gb of Illumina plus 34.36 Gb of
Pacific Biosciences (PacBio) reads] of sequencing data for C. alburnus
(Supplementary Tables S1, S2). The resulting assembly comprised
1,055Mb, corresponding to 4,122 reads (Table 1). These sizes were
very similar to the genome sizes estimated usingK-mer analysis. The peak
around the depth of 44 represent the homozygous K-mer value. The

genome size is 950Mb according to formula: Genome Size = K-mer_
num/Peak_depth (Supplementary Figure S1).

The lengths of contig N50 and scaffold N50 were 1.15Mb and
1.17Mb, respectively (Table 1). Assessments of the genome assembly
quality showed that the assembly covered 92.1% unigenes (4,219) derived
from the whole-genome gene datasets of Actinopterygii and had few
(5.1%, 238)missing benchmarking sets of universal single-copy orthologs
(BUSCOs) (Supplementary Table S3). The final genome assembly and
raw data from the PacBio and Hi-C libraries, as well as the annotation,
have been deposited at NCBI under BioProject PRJNA700093.

3.2 The Hi-C assisted-assembly of the C.
alburnus genomes

A total of 896,981,652 reads were obtained containing
134,547,247,800 bases. The Q20% and Q30% were 96.3% and

TABLE 2 Statistics the Hi-C assembly results.

Pseudochromosomes of Culter
alburnus

Number of
contigs

Length of
contigs (bp)

Length of
pseudochromosomes (bp)

The best-match results in
zebrafish chromosomes

Cal_HiC_1 128 53619570 53681983 Dre_chr7

Cal_HiC_2 164 53329318 53408973 Dre_chr10,Dre_chr22

Cal_HiC_3 197 48735587 48831806 Dre_chr1

Cal_HiC_4 211 47261930 47366043 Dre_chr3

Cal_HiC_5 109 46495101 46549101 Dre_chr5

Cal_HiC_6 174 42002982 42088092 Dre_chr2

Cal_HiC_7 90 39740707 39784316 Dre_chr9

Cal_HiC_8 90 38810448 38854547 Dre_chr18

Cal_HiC_9 76 38427020 38463651 Dre_chr6

Cal_HiC_10 125 37446877 37507352 Dre_chr15

Cal_HiC_11 85 37373272 37414394 Dre_chr16

Cal_HiC_12 45 36302149 36324009 Dre_chr13

Cal_HiC_13 59 36005317 36032583 Dre_chr17

Cal_HiC_14 79 35141052 35179483 Dre_chr20

Cal_HiC_15 80 34984608 35023306 Dre_chr8

Cal_HiC_16 179 34791782 34879155 Dre_chr4

Cal_HiC_17 82 34802649 34842297 Dre_chr14

Cal_HiC_18 85 34200354 34241869 Dre_chr19

Cal_HiC_19 79 32853770 32893328 Dre_chr23

Cal_HiC_20 60 32773783 32802556 Dre_chr12

Cal_HiC_21 77 32673307 32710816 Dre_chr21

Cal_HiC_22 46 30401594 30423689 Dre_chr11

Cal_HiC_23 43 28017911 28038508 Dre_chr24

Cal_HiC_24 75 27360271 27403217 Dre_chr25

Total 2438 913551359 914745074 \
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92.3%, respectively and the GC% was 37.7%, indicating relatively high
quality sequencing. In total, 366,841,534 (40.9%) reads were mapped to
the genome and 86,119,552 (9.6%) of them were effective data.

In total, 914.74Mb (86.69%) of the C. alburnus sequences with an
N50 length of 35.18Mb were anchored to the 24 pseudo-chromosomes
bymapping Hi-C contact data using 2438 contigs (Table 2). A heatmap
of chromosome interactions was constructed to visualize the contact
intensity among chromosomes (Figure 1A). The number of the pseudo-
chromosomes was the same as that of chromosomes, and corresponded
to the top 24 longest scaffolds. Then, a genetic interaction map between
C. alburnus and zebrafishwas constructed.Multiple genome alignments
showed that the genome ofC. alburnus had a high degree of collinearity
with that of zebrafish (Figure 1B).

3.3 Genome evolution analysis of C.
alburnus

To reveal the genome evolution of C. alburnus and other related
species, we downloaded the coding gene sequences of 12 species of
fishes to build a phylogenetic tree. As shown in Figure 2A, the
ancestral lineage of C. alburnus was closest to Megalobrama
amblycephala and farthest from Petromyzon marinus. C. alburnus
diverged from Petromyzon marinus more than 600 million years
ago, and from M. amblycephala about 7.7–8.8 million years ago.

Expansion and contraction analysis of gene clusters showed that
1267 expansion events and 5139 contraction events have occurred in
C. alburnus. Among them, 24 expansion events and 37 contraction
events were significant (p < 0.05). Then, functional annotation was
performed for the expansion and contraction events
(Supplementary Tables S4, S5). Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analysis indicated that the expansion

events were significantly related to “Tight junction” (false discovery
rate (FDR = 0.009209), “Hippo signaling pathway” (FDR =
0.047693), and “Antigen processing and presentation” (FDR =
0.047693) (Figure 2B). The contraction events were significantly
associated with “Neuroactive ligand-receptor interaction” (FDR =
0.000492), “Sphingolipid signaling pathway” (FDR = 0.003244) and
“Chemokine signaling pathway” (FDR = 0.024271) (Figure 2C).

3.4 De novo genome annotation of C.
alburnus

The homologous genes of five species, including C. alburnus,
Cyprinus carpio, Danio rerio, Gadus morhua, and Megalobrama
amblycephala were compared. There were 5824 overlapping
homologous genes among these five species (Figure 3A). Based on
de novo, homolog-based, and RNA-seq approaches, 31,279 protein-
coding genes with an average gene length of 8507.7 bp and average
coding sequence (CDS) length of 1115.23 bp were identified in the
assemblies. The overlapping homologous genes account for 38.51%
(5824/15124) of genes in C. alburnus.

The mapping rates of protein-coding genes against the GO, KEGG,
NR, PFAM, String, and Swissprot databases were 15.30%, 12.80%,
22.80%, 15.50%, 18.00%, and 15.60%, respectively (Supplementary
Table S6). Clusters of orthogonal groups (COG) functional
classification demonstrated that the most genes were related to
“general function prediction,” “Signal transduction mechanisms,”
“Posttranslational modification, protein turnover, chaperones” and
“Cytoskeleton” (Figure 3B). GO enrichment analysis suggested the
genes were related to the biological processes of “reproduction” (GO:
0000003), “cell killing” (GO:0001906), “immune system process” (GO:
0002376), and “cell proliferation” (GO: 0008283). The proteins encoded

FIGURE 1
Overview of the assembly quality and characteristics of the C. alburnus genome. (A)Hi-C interactions among 24 chromosomes with a resolution of
2.5 Mb. The intensity of the interactions increased along with the color from light to dark. The abscissa and ordinate indicate the N*bin position on the
genome. The 24 squares in the figure are the 24 pairs of chromosomes of C. alburnus. (B) Syntenic relationship between C. alburnus and Danio rerio.
Maps of the 24 C. alburnus chromosomes and the 25 Danio rerio chromosomes based on the positions of highly conserved Syntenic orthologous
gene pairs.
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by these genes were predicted to be located on “extracellular region”
(GO:0005576), “cell” (GO:0005623), “nucleoid” (GO:0009295), and
“membrane” (GO:0016020) (Figure 3C). The molecular functions
included “catalytic activity” (GO:0003824), “signal transducer
activity” (GO:0004871), “structural molecule activity” (GO:0005198),
and “transporter activity” (GO:0005215). The top 20 KEGG pathways
involving the unigenes included “pathways in cancer” (494 unigenes),
“neuroactive ligand-receptor interaction” (431 unigenes), “PI3K-Akt
signaling pathway” (415 unigenes), and “Cell adhesion molecules
(CAMs)” (400 unigenes) (Supplementary Figure S2).

3.5 Non-coding RNA annotation in the
genome of C. alburnus

Non-coding RNA refers to RNA that does not translate into protein,
including rRNA, tRNA, snRNA, and miRNA. These RNAs play
important roles in biological regulation. Based on the RNA-seq data,
381 miRNAs, 3622 tRNAs, 1762 rRNAs, and 423 snRNAs were
predicted in the C. alburnus genome (Table 3).

3.6 Characteristics of the phenotypic traits

The mapping family in this study consisted of 200 C. alburnus
progeny, and the phenotypic growth-related traits all passed the
normality test (p > 0.05 for all) according to the
Kolmogorov–Smirnov test. The average values of bodyweight, total
length, body length, body height, and head length were 0.45 ±
0.10 kg, 38.96 ± 2.76 cm, 33.53 ± 2.64 cm, 8.06 ± 0.72 cm, and
7.10 ± 0.47 cm, respectively (Supplementary Table S7). The average
total number of intermuscular spines was 132.6 ± 1.954 (Supplementary
Table S8). The mapping family included 99 males and 101 females, with
a sex ratio of 1:1.02.

3.7 QTL analysis

After filtering out the low-quality SNPs, 353,532 high-quality
SNPs and 4,710 bin markers were retained in the “all” group
(Supplementary Figure S3). These bin markers were grouped into
24 linkage groups (LGs). The genetic map spanned 2307.8 cM with

FIGURE 2
Genome evolution analysis ofC. alburnus. (A) A phylogenetic tree of divergence time, and and contraction events of gene clusters constructed from
13 species. The time of divergence was analyzed using a maximum-likelihood tree. The number of expansion events in each gene cluster is indicated in
red, and contraction events are indicated in blue. (B) KEGG enrichment analysis of the expansion events of the gene clusters. (C) KEGG enrichment
analysis of the contraction events of the gene clusters.
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FIGURE 3
De novo genome annotation of C. alburnus. (A) VENN diagram of homologous genes in Culter alburnus, Cyprinus carpio, Danio rerio, Gadus
morhua and Megalobrama amblycephala. (B) COG functional classification statistics. (C) GO enrichment analysis.

TABLE 3 Non-coding RNA annotation in the genome of C. alburnus.

Type Copy Average length(bp) Total length(bp) % Of genome

miRNA 381 85.93 32738 0.00310

tRNA 3622 76.50 277065 0.02626

rRNA rRNA 881 169.26 149114 0.01413

18S 11 2321.73 25539 0.00242

28S 6 4101.17 24607 0.00233

8S 864 114.55 98968 0.00938

snRNA snRNA 212 119.42 25317 0.00240

CD-box 120 95.92 11510 0.00109

HACA-box 73 147.60 10775 0.00102

splicing 9 129.56 1166 0.00011

scaRNA 9 201.11 1810 0.00017
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an average marker interval of 1.35 cM. The genetic length of the LGs
ranged from 47.40 cM (LG12) to 210.80 cM (LG10) with an average
of 96.16 cM. The number of markers varied from 38 (LG24) to 177
(LG1) with an average of 81 (Supplementary Figure S3;
Supplementary Table S9). For the “female” group, 355,547 high-
quality SNPs and 4,240 bin markers were retained. The genetic map
spanned 2032.4 cM with an average maker interval of 1.29 cM. The
genetic length of the LGs ranged from 32.9 cM (LG24) to 155.6 cM
(LG1)with an average of 84.68 cM, and the number of markers
varied from 32 (LG24) to 189 (LG1) with an average of 80
(Supplementary Figure S4; Supplementary Table S10). For the
“male” group, 354,207 high-quality SNPs and 4,385 bin markers
were retained. The genetic map spanned 2514 cM with an average
maker interval of 1.17 cM. The genetic length of the LGs ranged
from 60.70 cM (LG14) to 200.8 cM (LG2) with an average of
104.58cM, and the number of markers varied from 43 (LG24) to
283 (LG1) with an average of 105 (Supplementary Figure S5;
Supplementary Tables S11).

3.8 Identification of potential QTL-related
genes

The genome-wide LOD significance threshold for the sex trait
was 1.5 based on the permutation test. Using ICIM mapping
4.1 software, 28 QTLs associated with sex were detected on
17 LGs (Supplementary Table S12). The LOD scores ranged from
1.5163 to 4.1739 and the phenotypic variance explained (PVE)
ranged from 1.0434% to 7.8872%. Eleven genes, including NLRC3
(encoding protein NLRC3-like), ZNF836 (encoding zinc finger
protein 836-like), NLRP12 (encoding NACHT, LRR and PYD
domains-containing protein 12-like), and CD163 (encoding
scavenger receptor cysteine-rich type 1 protein M130-like),
related to sex were identified from these QTL regions. The QTL
with the highest PVE corresponded to the gene CUI009080.
Annotation indicated that this gene encoded “PREDICTED:
uncharacterized protein LOC109087430 (Cyprinus carpio)” in the
NR database (Supplementary Table S13).

Based on a LOD significance threshold of 1.5 calculated from the
permutation test, 26 QTLs associated with intermuscular spine
number were detected on 15 LGs (Supplementary Table S13).
The LOD scores ranged from 1.5134 to 3.7688 and the PVE
ranged from 0.8557% to 3.4099%. Eleven genes, such as CSNK2A
(encoding casein kinase II subunit alpha-like) and IAN12 (encoding
immune-associated nucleotide-binding protein 12-like) related with
intermuscular spine length were identified from these QTL regions.
The QTL with the highest PVE (3.4099%) was annotated to a gene
encoding “PREDICTED: uncharacterized protein LOC109094915
(Cyprinus carpio)” in the NR database.

Based on a significance threshold of 2 calculated from the
permutation test, 12 QTLs associated with weight were detected
on 10 LGs (Supplementary Table S13). The LOD scores ranged from
2.0402 to 3.3573 and the PVE ranged from 1.9805% to 4.8974%. Five
genes, such as AK9 (encoding adenylate kinase 9) and TRIM
(encoding tripartite motif-containing protein) related with weight
were identified from these QTL regions. The QTL with the highest
PVE (4.8974%) was annotated to an intergenic a region. The QTL
with the second-highest PVE (3.272%) was annotated to the gene

CUI012867, which was predicted to encode “uncharacterized
protein LOC107665087” from the NR database.

4 Discussion

C. alburnus is an important economic fish in China which has
been extensively cultured because of its rapid growth and excellent
taste. Germplasm improvement has become an urgent need for the
sustainable and healthy development of the C. alburnus breeding
industry . In this study, we performed de novo sequencing by
combining Illumina, PacBio, and Hi-C technologies. Next-
generation sequencing is very accurate; however, the read length
is short, which has obvious disadvantages for assembling
heterozygous and repetitive sequence regions. Third-generation
PacBio sequencing can generate long sequences to cross repetitive
regions and reduces the impact of heterozygous sites on genome
assembly, which can greatly improve the assembly integrity and
quality of complex regions. However, the PacBio sequencing data
has a high error rate and often needs to be corrected. In this study,
we developed five libraries, including 250 bp, 500 bp, 800 bp, 2 kbp
and 5 kbp libraries for next-generation sequencing. Illumina
sequencing generated 298.31 Gb of data. The PacBio sequencing
has 2 cells, and the data output was 34.36 Gb. Previously, Ren et al.,
assembled the genomes of C. alburnus and Megalobrama
amblycephala. They generated 176.33 Gb, including171.05 Gb of
Illumina and 5.28 Gb of PacBio reads (Ren et al., 2019). The
nearly complete genome of C. alburnus reported in the present
study is more accurate than that published by Ren et al.

The phylogenetic tree showed that the ancestral lineage of C.
alburnus was closest to Megalobrama amblycephala and farthest
from Petromyzon marinus. C. alburnus diverged from Petromyzon
marinus more than 600 million years ago. According to previous
studies, the divergence time between C. alburnus and Petromyzon
marinus varied from 455 million years to 695 million years, with a
median time of 615 million years (Aris-Brosou and Yang, 2002;
Otsuka and Sugaya, 2003; Blair and Hedges, 2005; Roelants et al.,
2010; Chen et al., 2012; dos Reis et al., 2015; Gold et al., 2015; Delsuc
et al., 2018). We estimated the divergence time between C. alburnus
and Megalobrama amblycephala as about 7.7–8.8 million years,
which is within the range of the results reported by previous
studies, ranging from 2.3 million years to 12.74 million years
(Tao et al., 2010; Wang et al., 2012; Rabosky et al., 2013;
Rabosky et al., 2018; Ren et al., 2019). These results suggested
our results are reliable and creditable.

In this study, we used the SNPs approach to construct a new
genetic linkage map for C. alburnus. A total of 4,710 bin markers
were grouped into 24 LGs, which was consistent with the
chromosome number from the Hi-C results. Currently, whole
genome sequences combined with SNP markers are utilized for
QTL analysis (Botstein et al., 1980). SNPs are abundant, widely
distributed throughout the genome, and are associated with a unique
sequence. SNP-based QTL analysis significantly increases the
number of markers discovered compared with other methods
(Uchino et al., 2018).

There are obvious differences in the growth rate, nutritional
value, and other major economic indicators of the males and
females of many kinds of fish. The breeding of unisexual groups
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can reduce the energy consumption of the reproductive process,
as well as avoiding the excessive reproduction of fish with a
strong reproductive ability, which is beneficial to control
breeding density to obtain better economic benefits of
breeding. In this study, we characterized the QTLs related
with three traits: body weight, sex, and intermuscular spine
number. Eleven genes, including NLRC3, ZNF836, NLRP12,
and CD163 related to sex were identified from 28 QTL
regions. NLRC3 is a cytoplasmic pattern recognition receptor,
which belongs to the Nod-like receptor (NLR) family (Elinav
et al., 2011). NLRs play important roles in microbial sensing and
lead to the initiation of antimicrobial and antiviral immune
responses (Elinav et al., 2011). Cádiz et al. (2020) found three
genes previously associated with defense against bacterial
pathogens such as NLRC3, PIGR, and MAP1S65 in Nile
tilapia. NLRC3 mRNA expression was found to be upregulated
in response to challenge with lipopolysaccharide and
Edwardsiella tarda in Japanese flounder (Li et al., 2016).
NLRP12 is an NLRP family member that could regulate
nuclear factor kappa B (NF- κB) activation (Lich et al., 2007).
These proteins might function in sex-determination. In addition,
11 genes, including CSNK2A and IAN12 were found to be located
in intermuscular spine length-determining regions and 5 genes,
including AK9 and TRIM, were found to be located in weight-
determining regions.

5 Conclusion

In conclusion, this study assembled an accurate and nearly
complete genome of C. alburnus by combing Illumina, PacBio
and Hi-C technologies. Twenty-four peudochromosomes were
anchored by 914.74 Mb of C. alburnus sequences. De novo
sequencing identified 31,279 protein-coding genes, with an
average gene length of 8507.7 bp and average CDS length of
1115.23 bp. In addition, a high-density genetic linkage map
consisting of 24 linkage groups was constructed based on
353,532 high-quality SNPs and 4,710 bin markers. A total of
28 QTLs corresponding to 11 genes, 26 QTLs corresponding to
11 genes and 12 QTLs corresponding to 5 genes were identified for
sex, intermuscular spine length and body weight traits, respectively.
These genetic markers or candidate genes associated with growth
traits provide a basis for marker-assisted selection in C. alburnus.
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